





Alkalic Rocks and Resources of
Thorium and Associated Elements
in the Powderhorn District,
Gunnison County, Golorado

By JERRY C. OLSON and DAVID C. HEDLUND

GEOLOGY AND MINERAL RESOURCES OF THORIUM IN THE UNITED STATES

GEOLOGICAL SURVEY PROFESSIONAL PAPER 1049-C

An evaluation of thorium resources,
their distribution, and
geologic relationships

UNITED STATES GOVERNMENT PRINTING OFFICE, WASHINGTON : 1981



UNITED STATES DEPARTMENT OF THE INTERIOR

JAMES G. WATT, Secretary

GEOLOGICAL SURVEY

Doyle G. Frederick, Acting Director

Library of Congress Cataloging in Publication Data

Olson, Jerry Chipman, 1917-

AlKkalic rocks and resources of thorium and associated elements in the Powderhorn district, Gunnison County, Colorado.

(Geology and resources of thorium in the United States)

(Geological Survey Professional Paper 1049-C)

Bibliography: p. 33

Supt. of Docs. no.: 1 19.16:1049-C

1. Alkalic igneous rocks. 2. Intrusions (Geology)—Colorado—Gunnison Co. 3. Thorium ores—Colorado—Gunnison Co.

I. Hedlund, David Carl, 1924~ joint author. II. Title. III. Series. IV. Series: United States Geological Survey
Professional Paper 1049-C.

QE462.A4044 5521 80-607811

For sale by the Superintendent of Documents, U.S. Government Printing Office
Washington, D.C. 20402



CONTENTS

Page
Abstract 1 Carbonatite dikes
Introduction 2 Igneous rocks and veins outside the complex of Iron Hill —
General geology 2 Trachyte porphyry dikes
Purpose and scope of report 2 Fine-grained granite
Fieldwork and acknowledgments 3 Thorite veins
Precambrian rocks 3 Diabase and gabbro dikes
Volcanogenic mineral deposits 3 | Faults
Syenites and related rocks 3 | Resources of thorium and associated elements
Upper Proterozoic or lower Paleozoic igneous rocks 4 Thorium
Alkalic rock complex of Iron Hill 5 Associated elements
Fenite 6 Niobium
Pyroxenite 8 Titanium
Magnetite-ilmenite-perovskite rock 13 Iron
Uncompahgrite 14 Vanadium
Ijolite 14 Rare-earth elements
Nepheline syenite 15 Uranium
Carbonatite of Iron Hill 16 | References
ILLUSTRATIONS
FIGURE 1. Index map of Colorado showing location of the Powderhorn district

1
2. Photomicrograph of augite syenite from intrusive body near Spencer, Powderhorn quadrangle
3. Photograph showing view southeastward of Cebolla Creek valley and Iron Hill
4. Geologic map of the complex of alkalic rocks at Iron Hill
5. Photograph showing fenitized granite, northeast margin of complex of Iron Hill
6. Photograph showing a series of parallel micaceous shear planes in pyroxenite
7. Graphs showing percentages of principal minerals in 94 modal analyses of altered pyroxenite
8. Sketches of textures indicative of paragenetic sequence in pyroxenite, uncompahgrite, and ijolite
9. Photograph showing vermiculite-rich lens or dike in pyroxenite of the complex of Iron Hill
10. Photograph showing two subparallel dikes of magnetite-perovskite rock cutting pyroxenite
11. Photograph showing outcrop of uncompahgrite
12. Photomicrograph of uncompahgrite, complex of Iron Hill
13. Photomicrograph of nepheline syenite, complex of Iron Hill
14. Photograph showing mixed pyroxenite-syenite rock from the complex of Iron Hill
15. Photograph showing Iron Hill from the southeast
16. Photograph showing carbonatite, strongly foliated, Iron Hill
17. Photomicrograph of pyrochlore and apatite in carbonatite, Iron Hill
18. Photograph showing inclusion of felsite in carbonatite dike
19. Sketch of felsite xenoliths in carbonatite dikes
20. Map showing distribution and trend of thorium deposits, Powderhorn district
21. Curve showing cumulative total of estimated ThO, resources at various grades

22. Map showing areas of principal thorium resources estimated in veins, magnetite-perovskite rock, carbonatite, and

thorium-bearing granite

23. Map showing proportions of ThQO,, cerium-group rare-earth oxides, and yttrium-group rare-earth oxides in samples from

31 thorium deposits

I

Page

19
20
20
21
22
24
25
26
26
29
29
29
30
30
30
32
33



v

CONTENTS

FIGURE 24. Graph showing relation of total cerium-group rare-earth metals to ThO, content in 59 samples of thorium deposits
25. Graph showing relation of total yttrium-group rare-earth metals to ThO, content in 59 samples of thorium deposits —————

TABLE 1.

00 =3 O O

. ThO, resources
. Indicated and inferred reserves of ThQ, in veins of more than 500 ppm ThO, average grade
. ThO, content of magnetite-ilmenite-perovskite rock, complex of Iron Hill
. ThO,/Nb,O; ratios in veins in the Powderhorn district
. Ratio of cerium-group rare-earth oxides to ThO, to yttrium-group rare-earth oxides in various thorium deposits

TABLES

Chemical analyses of Powderhorn Granite and fenite

. Semiquantitative spectrographic analyses of melanite, diopside, perovskite, and magnetite from pyroxenite, complex of

Iron Hill

. Semiquantitative spectrographic, X-ray fluorescent, fluorometric, and radiochemical analyses of pyrochlore and apatite

from carbonatite, Iron Hill

Page

32
33

Page

11

18
27
27
29
29
32



GEOLOGY AND MINERAL RESOURCES OF THORIUM IN THE UNITED STATES

ALKALIC ROCKS AND RESOURCES OF THORIUM AND ASSOCIATED
ELEMENTS IN THE POWDERHORN DISTRICT, GUNNISON
COUNTY, COLORADO

By JERRY C. OLSON and DAVID C. HEDLUND

ABSTRACT

Alkalic igneous rocks and related concentrations of thorium,
niobium, rare-earth elements, titanium, and other elements have
long been known in the Powderhorn mining district and have been
explored intermittently for several decades. The deposits forined
chiefly about 570 m.y. (million years) ago in latest Precambrian or
Early Cambrian time. They were emplaced in lower Proterozoic
(Proterozoic X) metasedimentary, metavolcanic, and plutonic rocks.

The complex of alkalic rocks of Iron Hill occupies 31 km? (square
kilometers) and is composed of pyroxenite, uncompahgrite, ijolite,
nepheline syenite, and carbonatite, in order of generally decreasing
age. Fenite occurs in a zone, in places more than 0.6 km (kilometer)
wide, around a large part of the margin of the complex and adjacent
to alkalic dikes intruding Precambrian host rock. The alkalic rocks
have a radioactivity, chiefly due to thorium, greater than that of the
surrounding Powderhorn Granite (Proterozoic X) and metamorphic
rocks. The pyroxenite, uncompahgrite, ijolite, and nepheline
syenite, which form more than 80 percent of the complex, have fair-
ly uniform radioactivity. Radioactivity in the carbonatite stock, car-
bonatite dikes, and the carbonatite-pyroxenite mixed rock zone,
however, generally exceeds that in the other rocks of the complex.

The thorium concentrations in the Powderhorn district occur in
six types of deposits: thorite veins, a large massive carbonatite
body, carbonatite dikes, trachyte dikes, magnetite-ilmenite-
perovskite dikes or segregations, and disseminations in small,
anomalously radioactive plutons chiefly of granite or quartz syenite
that are older than rocks of the alkalic complex.

The highest grade thorium concentrations in the district are in
veins that commonly occur in steeply dipping, crosscutting shear or
breccia zones in the Precambrian rocks. They range in thickness
from a centimeter or less to 5 m (meters) and are as much as 1 km
long. The thorite veins are composed chiefly of potassic feldspar,
white to smoky quartz, calcite, barite, goethite, and hematite, and
also contain thorite, jasper, magnetite, pyrite, galena, chalcopyrite,
sphalerite, synchysite, apatite, fluorite, biotite, sodic amphibole,
rutile, monazite, bastnaesite, and vanadinite. The ThO, content of
the thorite veins ranges from less than 0.01 percent to as much as
4.9 percent in high-grade samples. The ThO, content is generally
less than 1 percent, however, and is only 0.05 to 0.1 percent in many
of the veins examined in the district.

Samples of the dolomitic carbonatite of Iron Hill mostly range
from 3 to 145 ppm (parts per million) thorium. Thirty samples of the

carbonatite dikes, the most radioactive rocks within the complex of
Iron Hill, contain about 30 to 3,200 ppm thorium and a trace to
about 1.5 percent rare-earth oxides.

The magnetite-ilmenite-perovskite rocks have a radioactivity of 2
to 12 times the background of Precambrian granite that is at-
tributable chiefly to thorium substitution for calcium in the perov-
skite. In two analyses the perovskite contains 0.12 and 0.15 percent
ThO.,.

Trachyte dikes as much as 25 m thick cut the Precamibrian rocks;
their radioactivity is generally about two to four times the
background of typical Precambrian granite, is locally higher, but is
low relative to other types of thorium concentrations. A fine-
grained granite that is anomalously radioactive occurs in thick,
dikelike plutons as much as 1.2 km wide, or more. The thorium con-
tent varies widely within the granite bodies. Eight saniples of the
granite contain 32 to 281 ppm thorium (averaging 115 ppm).

The economic potential of thorium in the Powderhorn district is
related in part to other elements such as niobium, titanium, iron,
and rare earths. The proportions of niobium and rare earths to
thorium vary in different parts of the district. Within the car-
bonatite body of Iron Hill, the Nb,O; content greatly exceeds ThO,,
but the ThO,-Nb,O; ratio increases markedly northwestward to as
high as 10.7 in vein deposits near the northwest end of the district.

The ratio of cerium-group rare-earth oxides to ThO, to yttrium-
group rare-earth oxides in the district is roughly 3.6 to 1 to 0.5, but
this ratio varies considerably in different parts of the district. For
example, the proportion of the cerium group is greatest in and near
the complex of Iron Hill, and is least in an area of thorite veins
about 6 km to the north. The proportion of the yttrium group in
these two areas varies approximately inversely to that of the cerium

oup.
nghl:)rium deposits shown on the geologic quadrangle maps of the
Powderhorn district number at least 261. Most are small or low in
grade, hence only a minority contribute significantly to total
resources. Indicated and inferred reserves of ThQ, total about
10,000 short tons in rock greater than 0.1 percent ThO, in grade.
This estimated tonnage is in 15 deposits including 13 veins and two
carbonatite dikes. Larger amounts of thorium are present in lower
grade materials. Additional quantities are probably present in
deposits as yet undiscovered, which could add significantly to the
total resources.
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INTRODUCTION

The Powderhorn district is a 650 km? area in Gun-
nison County, Colo., that has long been known for its
occurrences of alkalic igneous rocks and related con-
centrations of thorium, niobium, rare-earth elements,
titanium, and other metals. This mapping and geologic
study of the district was undertaken primarily to learn
more about the geologic occurrence and origin of the
mineral deposits listed above and to evaluate their
economic potential and resources.

Mining activity in the district began in 1872 and has
continued intermittently to the present. The early
mining was chiefly for gold, silver, copper, lead, zinc,
and arsenic from veins and volcanogenic massive sul-
fide deposits. In more recent years mining and pros-
pecting has been aimed toward thorium, rare-earth
elements, niobium, and titanium as well. Various
attempts have been made to mine and process ver-
miculite, particularly about 1935-45, by the Black
Mica Mining Co., Allied Minerals Co., and the Alexite
Co.

Thorium veins were discovered in the Powderhorn
district in 1949, and about 250 veins were prospected
for thorium during 1949-56. In order to assess nio-
bium resources, the pyrochlore-bearing carbonatite
and related rocks of the complex of Iron Hill were
drilled and an adit was driven by the DuPont Co. in
1957-58. Titaniferous iron ores in the complex have
been prospected at various times since their discovery
in the 1880’s. The Humphreys Gold Corp. explored the
titanium deposits by digging test pits in the early fif-
ties, and in 1957 the complex was investigated by the
U.S. Bureau of Mines by drilling and surface sampling.
In the mid-1970’s the titanium deposits were being ex-
plored by Buttes Gas and Oil Co.

GENERAL GEOLOGY

The area is underlain largely by metasedimentary
and metavolcanic rocks intruded by Precambrian
granitic and other igneous rocks. In late Precambrian
or Cambrian time, about 570 m.y. ago, the Precam-
brian rocks were intruded by alkalic igneous rocks of
Iron Hill and by slightly younger tholeiitic diabase
dikes (Olson and others, 1977). Mesozoic sedimentary
rocks and Tertiary volcanic rocks originally covered
much of the area and now remain as scattered mesas
and ridges where they cover the older rocks.

The geology of the complex of Iron Hill has been
described by Larsen (1942), Temple and Grogan (1965),
Rose and Shannon (1960), and Nash (1972). The tho-
rium deposits in the Powderhorn district have been de-
scribed by Burbank and Pierson (1953), Hedlund and

Olson (1961), and by Olson and Wallace (1956), who in-
cluded a detailed map and description of one of the
largest thorium deposits, the Little Johnnie vein. The
thorium content of the Iron Hill carbonatite stock has
been studied by Armbrustmacher (1980). The geology
of the district and location of thorium deposits are
shown on geologic quadrangle maps by Hedlund and
Olson (1973, 1975), Olson and Hedlund (1973), and
Olson (1974).

PURPOSE AND SCOPE OF REPORT

This report focuses primarily on the distribution of
thorium and associated elements in various rock types,
the evaluation of resources of thorium in different
areas and types of deposits, and the relation of the
mineral deposits to geologic history and structural
features. We have tried to avoid excessive duplication
of data already published in the extensive literature on
the district, listed in references at the end of the report.
Accordingly, the reader is referred to these reports for
additional information on rock descriptions, mineral-
ogy, geologic maps, analyses of rocks and minerals,
descriptions of selected deposits, and other geologic
features not specifically treated herein.
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ing may have been related to the period of carbonatite
intrusion. This relation also is suggested by the high
carbonate content in the shear planes.

Several textural varieties occur in pyroxenite and in-
clude (1) pegmatitic, typically developed in coarse-
grained clinopyroxene-biotite rock; (2) fine-to coarse-
grained hypidiomorphic, shown by pyroxenite that
contains euhedral pyroxene, sphene, and melanite with
anhedral interstitial magnetite and ilmenite; (3)
poikilitic, shown by inclusions of sphene in melanite,
perovskite in magnetite, and diopside in melilite; (4)
schlieric, shown by lenticular aggregates of melanite or
magnetite in the pyroxenite; (5) brecciated, shown by
fractures in brecciated pyroxenite filled by nepheline
syenite, at the east end of the complex.

The pyroxenite is composed chiefly of diopsidic
augite, biotite, magnetite, melanite, sphene, apatite,
and perovskite. Proportions of these minerals vary
considerably, making it difficult to assess the average
mineral composition. About 94 modal analyses were
made of the pyroxenite. These values were plotted on
volume percent-frequency curves (fig. 7). In thin sec-
tion the following minerals were observed: pyroxene
(chiefly diopsidic augite), magnetite, ilmenite, perov-
skite, leucoxene, melanite, sphene, phlogopite, ver-
miculite, biotite, apatite, pyrite, chalcopyrite, pyr-
rhotite, orthoclase, brown amphibole, chlorite, sodic
amphibole, idocrase, calcite, sericite, quartz, and
hematite.

Pyroxene and its alteration products make up as
much as 92 percent of the rock but commonly con-
stitute 55 to 70 percent by volume. The pyroxene
varies in different rocks of the complex; it is mostly
augite but includes also diopside, aegirine-augite, and
aegirine (Larsen, 1942, p. 47). The pyroxene shows a
wide range in crystal size from very fine grained augite
to grains of diopside as much as 15 cm long. Much of
the augite of the pyroxenite has moderate pleochroism:
green to yellowish green; Z to ¢, 40°-45°; 2V, 60°-70°;
Nx, 1.68-1.72, Ny, 1.69-1.73, Nz, 1.71-1.75. Some
grains are replaced along their margins by brown am-
phibole, biotite (fig. 84), magnetite, chlorite, sodic am-
phibole, and calcite; such replacement is sporadic and
is most intense near carbonatite bodies or dikes. Spec-
trographic analyses of two diopside samples are shown
in table 2.

Amphiboles are present in amounts of as much as 5
percent. The amphibole is quite variable in composi-
tion (Larsen, 1942, p. 48-52) but commonly is dark
brown to black and has moderate pleochroism light
brown to greenish brown. The common variety in the
pyroxenite was considered to be hastingsite by Larsen
(1942, p. 52). It commonly mantles or replaces the

pyroxene.

Melanite is present in many of the thin sections of
pyroxenite to a maximum of about 25 percent by
volume. The melanite is isotropic and is zoned; lighter
brown zones alternate with darker brown. The
melanite is anhedral to euhedral and is commonly
poikilitic; inclusions of sphene (fig. 8H) and perovskite
(fig. 8D) are common. Some melanite forms thin
mantles about pyroxene and magnetite-ilmenite
grains. The index of refraction ranges from 1.85 to 1.98
and is commonly about 1.88. The specific gravity is
3.71%0.05. The unit cell is 12.051+0.002 angstroms.
Spectrographic analysis of one melanite sample is
shown in table 2.

Magnetite and ilmenite are ubiquitous in the pyrox-
enite as dikes, veins, and segregations, and as discrete
grains intergrown with melanite and other silicates.
Discrete grains of magnetite and ilmenite constitute as
much as 40 percent of the pyroxenite but commonly
range from 10 to 15 percent by volume. They are com-
monly intergrown with each other and with perovskite
to form composite grains. Some of the ilmenite forms
bladed, exsolution-type intergrowths along the (111)
direction in the magnetite. Spectrographic analysis of
one magnetite sample from pyroxenite is shown in
table 2.

Perovskite is present in about 53 percent of the thin
sections of pyroxenite, making up as much as 20
percent by volume. The amounts of perovskite and
magnetite tend to correlate with one another and are
comparable in most rocks. Larsen (1942, p. 36)
estimated the perovskite to make up about 7 percent of
the pyroxenite and 6 percent of the entire complex, and
magnetite 11 percent of the pyroxenite and 10 percent
of the entire complex. The perovskite commonly occurs
as euhedral crystals intergrown with magnetite and il-
menite but also occurs as discrete grains. The perov-
skite is dusky purple, slightly anisotropic, and has
complex penetration twinning. Semiquantitative spec-
trographic analyses of two perovskite samples are
shown in table 2.

Leucoxene is present in 28 percent of the thin
sections, as an alteration product of perovskite, and
composes as much as 18 percent by volume of the
pyroxenite.

Sphene is present in about 34 percent of the thin sec-
tions of pyroxenite and constitutes a maximum of
about 19 percent by volume of the rock. The sphene
commonly occurs as relatively coarse, dark, honey-
colored euhedral crystals with excellent twinning. The
sphene occurs as inclusions in melanite (fig. 8H), as
discrete grains intergrown with silicates, and as ag-
gregated crystals associated with magnetite. Sphene-
bearing pyroxenite is most common on the ridge in the
NEY: sec. 2, T.46 N., R. 2 W.



10

FREQUENCY

FREQUENCY

FREQUENCY

FREQUENCY

GEOLOGY AND MINERAL RESOURCES OF THORIUM IN THE UNITED STATES

30

30—
20— g 20 —
PYROXENES = BIOTITE
10 & 10
5 —-{\’\ /\’\/\/\/\f\/\/\/\
0 T T T T T T T T | | 0 | T T |
0 0 20 3 4 50 6 0 8 % 100 0 10 2 0 50 60
VOLUME PERCENT VOLUME PERCENT
30— 30
20 g w4
MAGNETITE-ILMENITE "g APATITE
10— & 10
0 T T R T i ] 0 T | T ™
0 10 20 30 40 50 60 70 0 10 20 30 40 50
VOLUME PERCENT VOLUME PERCENT
80 80 80 80— 80
70 -4 70 | 70 70 70 |
60 60 — 60 60— 60 |
50 50 | 50 - 50| 50
S Py S §
& & & S
40 | AMPHIBOLES 2 40 MELANITE = 40 -| CHLORITE = 40—| SPHENE 3 40 —| LEUCOXENE
g 3 £ 3
30 30 30 30 30
20 20 20 20 20
10 T 10 - 10 10 10
01— 0 T T ] 0] 0 0
0 0 20 0 0 20 30 0 0 2 0 0 2 0 020
VOLUME PERCENT VOLUME PERCENT VOLUME PERCENT VOLUME PERCENT VOLUME PERCENT
70
60
50 50 50 T
40| 40 40—
ORTHOCLASE
30 S 30 S 30
& &
2 PEROVSKITE 2 CARBONATE
20 & 20 & 20
10 10 10
TN
0 T T T T T T " 0 T Y ) 0 T T T 1
0 0 20 3 4 50 6 0 8 0 0 2 30 0 10 0 0 40

VOLUME PERCENT

VOLUME PERCENT

VOLUME PERCENT

FIGURE 7.—Graphs showing percentages of principal minerals in 94 modal analyses of altered pyroxenite. Frequency is
the percentage of thin sections that have the determined volume percent of a mineral. Low values for pyroxenes in
some thin sections indicate degree of alteration or presence of variants related to the pyroxenite body but not strictly
classifiable as pyroxenite. Minor accessory minerals include pyrite, chalcopyrite, pyrrhotite, sericite, quartz, zoisite,
limonite, barite, and idocrase.

































THORIUM AND ASSOCIATED ELEMENTS, POWDERHORN DISTRICT, GUNNISON COUNTY, COLORADO 21

ciated, as angular fragments of coarsely textured
trachyte occur in a fine-grained trachytic groundmass.
The fragments generally consist of anhedral ag-
gregates of coarse-grained orthoclase. Granite
fragments have been observed as rare inclusions in
some of the trachyte. Mafic minerals are rare in the
trachyte and are chiefly interstitial iron oxides.

Some of the trachyte dikes are radioactive, generally
about four times that (0.02 mr/hr) of nearby felsic
metavolcanics; readings of 0.04 to 0.08 mr/hr are com-
mon. Most trachyte dikes are relatively low grade;
hence, their contribution to ThO, resources (table 5) is
small. The trachyte dikes resemble some of the thorite
veins in that they contain abundant red orthoclase, but
the igneous origin of the dikes is indicated by the por-
phyritic texture. Locally the wall rocks are replaced by
orthoclase in a thin zone resembling fenite along the
margins of some of the trachyte dikes. Freshly broken
trachyte dike rock commonly has a fetid odor resem-
bling garlic that also characterizes the thorium veins
and some fenite.

FINE-GRAINED GRANITE

Fine-grained granite of uncertain age occurs within 2
km south and west of the complex of Iron Hill and is
anomalously radioactive. The granite occurs in numer-
ous dikelike bodies, irregular small plutons about
150-750 m wide, and two larger bodies 3-4 km by
600-1,200 m. The granite is mostly fine grained, some
is medium grained, and locally it is porphyritic. It is
composed of microcline microperthite, quartz, plagio-
clase, and biotite. Associated with the granite near
Road Beaver Creek are two bodies of melasyenite
60-120 m wide.

The fine-grained granite was considered by Hunter
(1925) to be a variety of the Powderhorn Granite of
Precambrian age. On the geologic maps of the Rudolph
Hill (Olson, 1974) and Powderhorn (Hedlund and
Olson, 1975) quadrangles, however, it is shown as a
separate Precambrian(?) unit. It appears relatively
little deformed in comparison with adjoining gneissic
coarse-grained Powderhorn Granite. The granite is
fenitized in places, as shown by feldspathization and
blue-green amphibole veinlets, and it is cut by car-
bonatite, lamprophyre, and thorium veins that are
probably related to the complex of Iron Hill. Some of
the fine-grained granite occurs in crudely arcuate
plutons around the southern part of the complex of
Iron Hill. These forms, which are suggestive of ring
dikes, together with the locally high radioactivity, may
indicate a genetic link between fine-grained granite
bodies and the complex.

The fine-grained body west of Cebolla Creek near the
north edge of the Rudolph Hill quadrangle (Olson,
1974) is at least 4 km long but is covered by Tertiary
welded tuff at the south end. This granite is cut by
many thorium-bearing veins but is not in itself highly
radioactive where studied. Another granite pluton that
crosses Cebolla Creek 5 km south of Powderhorn is
about 3.3 km long and 1.2 km wide. It is strongly
fenitized near the complex of Iron Hill. The radioactiv-
ity has been measured in only a few places. In the road-
cut at the south end of the valley of Cebolla Creek,
measurements with a gamma-ray spectrometer in
slightly fenitized granite suggest a possible range of
40 to nearly 300 ppm ThO,. This thorium-bearing part
of the granite, which may average on the order of 100
ppm ThO,, appears at least 120 m wide, but it has not
been delineated and may be only a minor part of the en-
tire granite body.

The fine-grained granite bodies on the canyon sides
of Road Beaver Creek, 0.5 to 2 km south of the margin
of the complex of Iron Hill, have been explored by
numerous bulldozer trenches. These granites are in
secs. 24 and 25, T. 46 N., R. 1%2 W, and are shown on
the map of the Rudolph Hill quadrangle (Olson, 1974).
In this area five granite bodies are 300 to 1,000 m in
exposed length and 100 to 500 m wide. Within the
plutons the radioactivity of the fine-grained granite
varies considerably. Samples from some of the more
radioactive, small, local concentrations exceed 1,000
ppm in thorium. Considerable parts of the granites,
however, have thorium contents on the order of 100 to
225 ppm, as judged by eight samples and hundreds of
field gamma-ray spectrometer readings. The eight
samples of the granite analyzed in the laboratory range
from 32 to 281 ppm thorium and average 115.1 ppm
(131 ppm ThO,). Areas that have the most radioactiv-
ity are typically characterized by red and yellow-brown
limonitic staining and by narrow, black, siliceous,
rusty-weathering veinlets along joint or shear planes,
suggesting transport and deposition of thorium by
iron-bearing solutions.

A spectrographic analysis of a sample of the granite
containing abundant limonite veinlets showed, in
weight percent, 0.7 phosphorus, manganese, barium,
cerium, and lanthanum; 0.3 neodymium and stron-
tium; 0.07 titanium and praseodymium; 0.03 gado-
limum, samarium, and yttrium; 0.015 niobium, lead,
and vanadium; and 0.007 dysprosium and zirconium.
Thorium was determined radiochemically to be 0.08
percent in this sample. The rare earths are unusually
abundant, particularly the light or cerium group of
rare earths; the niobium content is also anomalous
relative to other granites in the area but is not as high
as in some of the alkalic rocks.
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THORITE VEINS

About 250 thorium veins are shown on geologic
quadrangle maps of the Powderhorn district and are
illustrated on figure 20. Of these about 200 are in the
Gateview (Olson and Hedlund, 1973) and Powderhorn
(Hedlund and Olson, 1975) quadrangles and the
remainder in the Rudolph Hill (Olson, 1974) and Car-
penter Ridge (Hedlund and Olson, 1973) quadrangles.

The thorite veins contain the highest grade thorium
concentrations in the district. The ThO, content of the
thorite veins ranges from less than 0.01 percent to as
much as 4.9 percent in high-grade samples. The ThO,
content is generally less than 1 percent, however, and
is only 0.05 to 0.1 percent in many of the veins ex-
amined in the district. The veins are as much as 1 km
in length, but most cannot be traced for more than
100 m. They range in thickness from 1 cm or less to
5 m but most are less than 0.6 m thick. They common-
ly occur in steeply dipping shear or breccia zones
within the Precambrian rocks. In one of the principal
areas, near the north end of Huntsman Mesa, 3 to 8 km
north of the complex of Iron Hill, most of the veins
strike slightly north of east. In the Sapinero Mesa-
Goose Creek area, in the northwestern part of the
district, however, the veins generally strike northwest.
The veins are generally discordant to the foliation of
hornblende schist, felsite, quartz-biotite schist,
granite, syenite, and other rocks, the type of host rock
apparently having little effect on the localization of the
veins.

The thorium veins are composed of thorite, white to
smoky quartz, jasper, pink potassic feldspar, calcite,
specular and earthy hematite, goethite, magnetite,
barite, and pyrite, and sporadic galena, chalcopyrite,
sphalerite, synchysite, apatite, fluorite, biotite,
sodic amphibole, rutile, monazite, vanadinite, and
bastnaesite.

Pink to red, poorly twinned orthoclase is common in
the veins as large laths or as clustered subhedral to
anhedral grains. Minor amounts of microcline are pres-
ent in some veins. Adjacent to most veins the wall
rocks have been partly replaced by pink to red ortho-
clase, and this fenitelike replacement is conspicuous
where hornblende schist wall rocks are reddened and
altered to biotitic and chloritic rocks alongside the
veins. Some breccia fragments of feldspathized wall
rocks have been incorporated in the veins. Thin feld-
spathic fracture fillings 1 to 3 cm thick in Precambrian
melasyenite or other rocks are locally radioactive,
giving readings of as much as 0.06 mr/hr or three times
background.

The chief thorium mineral is thorite, much of which
is partly metamict but shows an X-ray pattern for
thorite (or thorogummite). The thorite is very fine
grained and is intergrown with ferric oxides. A

thorium-bearing phosphate with rhabdophanelike
structure has been found locally in the district (Dooley
and Hathaway, 1961, p. 340). Monazite has been found
in several veins.

Pink to white barite is present in small amounts in
many of the thorium veins and is a major constituent
in a few of them. At one locality on the ridge west of
Goose Creek a discontinuous vein of massive, light
pink barite 60 cm thick cuts the hornblende schist.
Barite occurs in at least two generations in relation to
orthoclase. Some early formed barite is intergrown
with quartz. Other grains occur as inclusions in or-
thoclase and are partly replaced by orthoclase. Most
barite appears later than the potassium feldspar, how-
ever, and veinlets of barite in orthoclase are common,
especially along cleavage surfaces in the feldspar. The
pink to red color of some barite may to be due to mi-
nute inclusions of ferric oxide observed in thin section.

Orthoclase and quartz formed early as primary
minerals in the veins. Quartz occurs in at least two
generations. The early quartz, some of which is smoky,
occurs as anhedral and euhedral grains intergrown
with orthoclase or barite. The later generation of
quartz is commonly chalcedonic quartz that occurs as
pseudomorphs after orthoclase or other silicates and as
vug fillings. Much of this secondary quartz is associ-
ated with ferric oxides.

Carbonate minerals, chiefly calcite or ankeritic
dolomite, are present in many of the thorite veins.
They commonly appear to replace silicates, quartz, and
barite, and are typically associated with ferric oxides.
In some veins the carbonate minerals are present as
pseudomorphs after prismatic silicate minerals.
Coarsely crystalline calcite fills vugs in some veins.
Some rare carbonate veinlets have been observed to
cut the jasper and are believed to have formed at the
time of Oligocene volcanism, unlike the bulk of the car-
bonate, which is of probable Cambrian or late Precam-
brian age.

Apatite and fluorite are present as rare constituents
in a few veins. Apatite was noted as minute inclusions
in orthoclase.

Specular hematite is not abundant but is conspicu-
ous in some veins. It forms veinlets that cut early
formed orthoclase, barite, and quartz. Earthy hematite
and goethite are weathering products of iron-bearing
minerals such as pyrite and specular hematite. In some
small areas, numerous dispersed, thin, red hematitic or
limonitic feldspathized veinlets and seams occur, lo-
cally causing a radioactivity of two to three times
background. Red staining due to hematite accom-
panies some thorium mineralization and has en-
couraged some exploration of red rocks, but hematitic
veinlets are also abundant in some places that are low
in radioactivity.
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FIGURE 20.—Map showing distribution and trend of thorium deposits, Powderhorn district

The thorite is so fine grained and sparsely dis-
tributed that its place in the paragenetic sequence is

difficult to establish. Because thorite is commonly

associated with earthy hematite and goethite, it may
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be about the same age as the specular hematite and
formed fairly late in the paragenetic sequence.

Biotite and sodic amphiboles are sparsely
distributed in many thorite veins. Some of the biotite
represents detached parts of biotitic wall rocks or
formed by replacement of hornblendic wall-rock
fragments. The sodic amphiboles, which have nearly
parallel extinction and high birefringence, occur as
radiating clusters or as aggregates of prisms in the
veins.

Pyrite, chalcopyrite, galena, and minor sphalerite
are present but not generally abundant in the thorite
veins. The sulfide minerals are generally later and oc-
cur as veinlets filling fractures in orthoclase and barite
and occupying interstices between barite grains. The
chalcopyrite forms exsolution blebs in sphalerite and
also occurs as separate grains. Galena is intergrown
with sphalerite.

Varicolored jasper, mostly yellowish to reddish
brown, has generally replaced the carbonate gangue of
the veins on Sapinero Mesa and similar areas where
the veins were near the surface that was covered by
volcanic rocks in Oligocene time. The jasper is found to
at least 30 m below the mesa level, and oxidation ex-
tends locally to at least 60-m depth. Within the deep
canyons of the Lake Fork of the Gunnison River and
Cebolla Creek, however, jasperization and oxidation
have been less intense, and unaltered sulfide minerals
persist in a few of the veins.

The veins have been altered and leached during
several cycles. An earlier one is related to the surface
on which the Junction Creek Sandstone of Jurassic age
was deposited and may have resulted in some shallow
jasperization of carbonate mineral in the vein. Later
periods of oxidation and leaching are related to the
Oligocene surface, on which the volcanic rocks were
deposited, and also to the present cycle of weathering.
Most of the silicification is probably a hydrothermal
replacement localized near the ancient Oligocene sur-
face just beneath the base of the flows.

The effects of oxidation, leaching, and jasperization
of the veins on the original thorium content are not
clearly known because few workings have penetrated
more than 10 m in depth. Jasperized veins on the mesa
surfaces show radioactivity in both jasper and car-
bonate gangue. Locally the jasper forms pseudomor-
phic replacements of the carbonate and has apparently
retained some dispersed thorium. Oxidation, leaching,
and jasperization might result in some enrichment or
diminution in grade of near-surface vein material, but
without sufficient subsurface data on possible changes
in grade, the surface exposures are assumed to be
reasonably representative of the grade of vein material
at depth.

The following minerals probably occur in numerous
other veins, but a few localities are listed. Bastnaesite
and synchysite, for instance, have been identified by
X-ray analysis from a vein in SE% sec. 2, T. 47 N., R. 3
W. Bastnaesite occurs in a vein near Razor Creek in
NWUYs sec. 27, T. 47 N., R. 3 E. and synchysite in a vein
in NEY sec. 20, T. 47 N., R. 2 W. Monazite and vana-
dinite were identified in a vein in NW' sec. 2, T. 47 N,,
R. 3 W., and rutile in veins in SEY4 sec. 2, T. 47T N.,R. 3
W., and NWY sec. 8, T. 47 N,, R. 2 W. Galena and
cerussite were found in a vein in NEY sec. 20, T. 47 N.,
R. 2 W,, and galena in veins in NW4 and SEY sec. 2,
T.47N.,R. 3 W.

DIABASE AND GABBRO DIKES

Several northwest-trending gabbro and diabase
dikes occur in a narrow zone that cuts across the
alkalicrock complex. Similar dikes also occur in
Precambrian rock elsewhere in the district. The gabbro
and diabase dikes have the lowest radioactivity of the
major rock types in the immediate area. They are as
much as 150 m thick and 6.7 km in length. They are
predominantly tholeiitic, but within the complex, one
nepheline-bearing gabbro also occurs (Larsen, 1942,
p- 28-29).

Most of the dikes have a diabasic texture and are
referred to as diabase in this discussion. The diabase
dikes are black, commonly weather rusty brown, lo-
cally show spheroidal weathering, and are medium
grained with an intergranular hypidiomorphic to sub-
ophitic texture. Augite grains partly mantle the labra-
dorite (An,, ,,) laths and partly occupy interstices be-
tween labradorite grains. The labradorite laths show
oscillatory-normal zoning. The augite commonly is
very pale purple and has only faint pleochroism; Z c,
47°; Nz, 1.715; Nx, 1.690; 2V = 65°+5°. Augite con-
stitutes about 25 percent by volume of the diabase;
some augite grains show incipient alteration to chlorite
and biotite. Magnetite and ilmenite(?) occur as ag-
gregated granules and skeletal crystals that may be as
much as 25 percent of the diabase.

Three diabase dikes crop out in the complex of Iron
Hill and are clearly younger than the rocks of the com-
plex. These dikes resemble in mineralogy, texture, and
attitude the other, genetically related, west-northwest-
striking diabase dikes of the region, but they are
generally thicker, coarser grained, and locally have a
strong trachytic texture. The dikes cut pyroxenite,
nepheline syenite, and fenite of the complex but were
not observed to cut the carbonatite stock. Carbonatite
dikes and veins do not cut the diabase.

The diabase is generally coarse grained, ophitic, and
locally trachytic in the thicker parts of the dikes.
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Where the dikes are thinner the texture changes to fine
to medium grained and a hypidiomorphic-granular tex-
ture is common. Marginal chill zones, present along
some of the diabase dikes, are porphyritic with pheno-
crysts of labradorite and augite. The groundmass
makes up about 80 percent of the rock and consists of
plagioclase microlites, minute grains of augite, and
magnetite. Some of the augite phenocrysts have
mantles of a later generation of pyroxene.

FAULTS

The Powderhorn district is on the south side of the
Gunnison uplift, a northwest-trending block roughly
30 by 100 km in size, composed of Precambrian rocks
overlain by Mesozoic sediments, which was elevated in
Laramide time. Within the district, Precambrian
metamorphic foliation and elongate metamorphic and
igneous bodies trend mostly northeast to east. This
older trend is cut by many younger Precambrian
faults, shear zones, and Cambrian or Ordovician
diabase dikes that strike predominantly northwest
(Olson and others, 1977). Many of the thorium veins
are in northwest-trending faults and shear zones,
although trends vary in different parts of the district.

The Gunnison uplift is bounded on the south by the
northwest-trending Cimarron fault, which passes near
Powderhorn (fig. 4). The concealed Cimarron fault is in-
dicated by a series of six springs and travertine spring
deposits that strike approximately N. 70 W. along the
southwest side of Cebolla Creek at Powderhorn. Six
travertine spring deposits can be mapped, although
they coalesce in places. Movement on the Cimarron
fault took place in Laramide time, although earlier
movement may have occurred in late Precambrian
time (Olson and others, 1977). Northwest of Powder-
horn, the position of the fault at the beginning
of Oligocene volcanism was marked by a long,
southward-facing scarp, against which the early,
intermediate-composition flows and volcanic breccias
accumulated. Diabase dikes of Cambrian or Ordovician
age parallel the Cimarron fault zone and are thus
related to it in trend, but considerable postdike fault
movement has occurred as some dikes are cut by the
fault.

The Cimarron fault cuts the complex of Iron Hill and
can be traced northwestward along strike at least
65 km. Southeast of the complex the fault is buried by
Oligocene volcanic rocks. For most of its length, the
fault shows a displacement, northeast side upthrown,
of 1,000 m or more. Much of this movement occurred
after the Mancos Shale of Cretaceous age was
deposited. A fault block of Junction Creek Sandstone
of Jurassic age crops out along the east side of

Powderhorn Creek about 500 m south of the old
Powderhorn Post Office. This sandstone block is
slightly tilted and the base is at an elevation of about
2,470 m. This elevation represents a difference of
about 520 m from the elevation of the Junction Creek
Sandstone outcrop on Huntsman Mesa to the north-
east and 400 m difference from the outcrop of sand-
stone on Tolvar Peak. The different levels are ac-
counted for by fault displacement, but the fault or
faults are concealed.

Where the fault cuts the eastern part of the complex
of Iron Hill, the displacement, as shown by offset of
the Junction Creek Sandstone of Jurassic age, is very
small and is probably no more than 50-120 m, with the
south side upthrown. Post-Jurassic movement was
greater, however, on a different but probably related
east-trending fault that crosses the south end of
Huntsman Mesa and cuts granite just north of the
complex, because the Junction Creek Sandstone is
displaced about 250 to 300 m in this area, south side
upthrown. These displacements of south side up
relative to north differ from the relative displacements
of north side upthrown, shown along the Cimarron
fault from Powderhorn northwestward. They are,
however, compatible with the sense of displacement in-
terpreted to have occurred between the two sides of the
fault within the complex of Iron Hill. The varying
amounts of displacement at different points along the
Cimarron fault are taken up in part by northeast- to
east-trending cross faults that divide the major blocks
into smaller ones of varying throw.

Erosion since the fault movement has exposed two
different levels in the alkalic stock. Whereas pyrox-
enite and ijolite are found on both sides of the fault, the
block southwest of the fault contains the Iron Hill car-
bonatite body, a greater number of thin carbonatite
dikes, and abundant uncompalgrite; it also has a gen-
erally wider fenite zone. The block northeast of the
fault contains an abundance of nepheline syenite and
magnetite-ilmenite-perovskite dikes, far more than
found in the southwest block. The carbonatite and un-
compahgrite southwest of the fault may well represent
the deeper seated rocks, as interpreted by Temple and
Grogan (1965, p. 689), in which case the fault move-
ment at this point was the reverse of that farther
northwest.

To account for the great difference between rocks of
the complex of Iron Hill on the two sides of the fault,
more displacement would seem to be required than is
shown by the offset of Mesozoic sediments. Some pre-
Jurassic movement is therefore inferred. The Cimarron
fault was apparently active over a long period of time
and may also have been active in late Precambrian
time and even have been a factor in the localization
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of the complex of Iron Hill (Olson and others, 1977,
p. 686).

RESOURCES! OF THORIUM AND
ASSOCIATED ELEMENTS

THORIUM

Thorium exploration has been aimed at finding
thorium concentrations of several tenths of a percent
ThO, or more, such as are found in the thorite veins, in
a few of the carbonatite dikes, and in some trachyte.
Lower grade material, containing 0.02 to 0.1 percent
ThO,, adds significantly to total thorium resources in
the district (Olson and Overstreet, 1964, p. 23) and in-
cludes, in addition to the thorite veins, concentrations
in carbonatite, magnetite-ilmenite-perovskite bodies,
trachyte porphyry dikes, and small plutons of granite.

Thorium deposits shown on maps in the Powderhorn
district number at least 261, which are concentrated
in the Gateview and Powderhorn quadrangles. The ma-
jority of the deposits are small or low in grade; hence,
it is only a minority that contribute significantly to
total resources. Sixty-seven localities, including most
of the richer deposits, were examined with the aid of a
portable four-channel gamma-ray spectrometer, and 66
samples were collected. An additional 35 samples were
collected from outside the Powderhorn district to pro-
vide additional data for calibration purposes. The
samples were analyzed by C. M. Bunker and C. A.
Bush for thorium, RaeU, and potassium by laboratory
gamma-ray spectrometry. The field gamma-ray spec-
trometer readings were calibrated with the sample
analyses from the same stations by a linear regression
analysis to provide a rough guide to approximate
thorium content for field readings on unsampled veins.

The gamma-ray spectrometer readings, coupled with
sample analytical data, provide a reasonable approx-
imation of the thorium content of the surficial part of
the deposit. Projecting these readings to infer reserves
at depth requires consideration of the amount of cover
that might locally obscure the vein; the dispersal of
radioactive elements by slope wash, soil creep, or
leaching; the possible enrichinent of surficial material
by selective removal of constituents other than
thorium; as well as the known variability of thorium
mineralization from place to place, particularly in the
thorite veins. Generally, the surficial thorium content
was assumed to be fairly representative of that at
depth except where radioactivity may be obscured by
ground cover.

“The mining industry

ly uses the inch-pound system of measurements.

For indicated ore, a depth was assumed of from one-
third to one times the surface length of the vein, to a
maximum of 1,000 feet; for inferred ore a maximum
depth of 1% to two times the surface length was used,
to a maximum of 3,000 feet.

Resource estimates of thorium veins in the Powder-
horn district, compiled as cumulative totals, according
to average grade of deposit, are shown in table 4, and
the minimum amount of ThO, estimated to be present
at various grades is shown graphically on figure 21. As
the curve is for minimum amounts, the actual amount
of ThO, present is somewhere to the right of the curve
shown, perhaps two or three times as much.

In order to relate the reserves to the cost of pro-
ducing the thorium, a method of cost analysis was de-
signed by the U.S. Bureau of Mines for mine and mill
costs to recover thorium from thorite vein deposits
(Lemons and Coppa, 1979). The cost analyses were
made on the veins that contain more than 35,000 short
tons of indicated and inferred reserves. In testing the
Powderhorn veins by cost analysis, it was found that
ThO, might be obtained for less than $30 per 1b (pound)
in those having a grade of at least 0.15 percent ThO,
(1,500 ppm). Very few, if any, veins averaging less than
700 ppm ThO, could be expected to produce ThO, at a

104 T
vT
cT

z

=}

-

=

2 e _
«

w

o

@

g

o MT

z

N GT

N
Q
=
=

8 102 }— T —
w

a

g H

10 L L
10 10t 108 108

ThO,. IN SHORT TONS

FIGURE 21.—Curve showing cumulative total of ThO, resources at
various grades. Thorite veins (tonnages at several grades of
ThO, are plotted along VT; minimum of 100 ppm plotted at T).
Carbonatite dikes (several grades along CT); magnetite-
perovskite rock (MT); thorium-rich granite (GT); carbonatite
stock of Iron Hill (H).



THORIUM AND ASSOCIATED ELEMENTS, POWDERHORN DISTRICT, GUNNISON COUNTY, COLORADO 27

TABLE 4.—ThQ, resources in the Powderhorn district
[Values in short tons. Figures for carbonatite dikes are for only 10 dikes that have been estimated. The total, including other carbonatite dikes, is probably at least several times these

amounts. Undiscovered resources in all cat. ies are not i

luded, but they would probably at least double the resource estimates for veins, carbonatite dikes, and granite.

The total

number of veins estimated is 56, and the number of carbonatite dikes is actually 10. These numbers are less than the total shown because several deposits are repeated by dividing them

into more than one grade category. ), greater than]

Reserves Cumulative totals

Grade

range No. of No. of

(ppm)  deposits Indicated Inferred Total deposits Indicated Inferred Total
Veins.so.. ceeenacas >1,000 13 1,800 7,900 9,700 13 1,800 7,900 9,700
Carbonatite dikes.. >1,000 2 100 200 300 15 1,900 8,100 10,000
Veins..... cesesssss 500-1,000 15 200 600 800 30 2,100 8,700 10,800
Carbonatite dikes.. 500-1,000 1 500 1,000 1,500 31 2,600 9,700 12,300
VeinSeeeeeeesonanes 100-500 38 1,400 3,800 5,200 69 4,000 13,500 17,500
Carbonatite dikes..  100-500 9 700 1,000 1,700 78 4,700 14,500 19,200
Magnetite-perovskite

POCKeeeoosnecacas +250 1? None 25,000 25,000 79 4,700 39,500 44,200

Graniteeeecseeeaass >100 5 5,000 9,000 14,000 84 9,700 48,500 58,200
Carbonatite stock.. 41 1 30,000 110,000 140,000 85 39,700 158,500 198,200

cost of less than $50 per lb. The approximate cost
categories of the reserves (in veins only) are shown in
table 5.

Indicated and inferred reserves in veins exceeding
500 ppm ThO, in average grade amount to 10,400
short tons, as shown in the two columns on the left side
of the table. Of this total, 95 percent is estimated to be
in only seven deposits. The other four categories on the
right side of the table are made up of veins having
more than 700 ppm ThO,.

The larger and higher grade veins, which contain a
large proportion of the resources estimated in veins ex-
ceeding 500 ppm ThO, (table 4), are found in secs. 14,
15, 16, and 20, T. 47 N., R. 2 W_; secs. 1, 2, 4, 9, 10, 15,
and 24, T. 47 N, R. 3 W,; sec. 34, T.48 N,, R. 3 W.;
sec. 10, T. 47 N, R. 2 W; and secs. 23 and 24, T. 46 N.,
R.1% W. These areas are shown on figure 22 along
with the areas of thorium-bearing magnetite-
perovskite rock, carbonatite, and thorium-bearing
granite.

Five deposits account for the 9,300 tons of
reserves estimated, from the U.S. Bureau of Mines
cost analysis, to be producible at less than $30 per lb.
The $30-50 per 1b category is made up of ore in seven
deposits.

Analysis of production costs likely for low-grade
disseminated deposits minable by open-cut methods
suggests that some of the lower grade thorium
resources in the fine-grained granite plutons near
Powderhorn may be minable by open-cut methods at a
cost on the order of $50-100 per Ib ThO, (Staatz and
others, 1979). Parts of the granites of four small areas
in the Road Beaver Creek drainage and one near
Cebolla Creek, judging from gamma-ray spectrometer

measurements and eight sample analyses, range most-
ly from 100 to 200 ppm ThO, in average grade, prob-
ably averaging a little more than 100 ppm ThO,. Parts
of the granite contain 200 ppm or more, and the high-
est sample analysis of 1,600 ppm ThO, was from part
of the granite that contains abundant limonitic
material as small veins. The granites of the five areas
are estimated to have a combined tonnage of about 125
million tons of rock. At an assumed overall average
grade of 112 ppm ThQO,, this amount of granite is infer-
red to contain at least 14,000 tons ThO, (at least 5,000
tons indicated and 9,000 tons inferred), and additional
low-grade resources probably exist in other parts of
the granite bodies not estimated.

Thorium oxide content of the carbonatite stock of
Iron Hill has been estimated by Armbrustmacher
(1980) to average 41 ppm; thus, to a depth of 245 m the
3.4 billion tons of carbonatite would contain about
140,000 tons ThQO,. Other elements in the same amount
of rock were estimated (Armbrustmacher, 1980) as
1,900,000 tons Nb,O; (570 ppm); 13,500,000 tons com-
bined rare-earth oxides (3,970 ppm), and 43,000 tons
U,O; (12.7 ppm). Inasmuch as the content of thorium
and the other elements is not uniform, some large parts

TABLE 5.—Indicated and inferred reserves of ThO, in veins of more
than 500 ppm ThO, average grade in the Powderhorn district

[Values are in short tons]

Producible at between
$30 and $50/1b
Indicated Inferred

Producible at less
than $30/1b
Indicated Inferred

Total Total
indicated inferred

1,900 8,500 1,600 7,700 200 700




28 GEOLOGY AND MINERAL RESOURCES OF THORIUM IN THE UNITED STATES

107°15’ 107°07'30"
e T T
Blue Mesa Reservoir Ww
36 | 31 3

N

Q.
s
S
2
QA

Basin

6

EXPLANATION

Sections containing more than 95 percent of
the thorium resources estimated for the
district in grades exceeding 500 ppm

Complex of alkalic rocks of lron Hill, in which
thorium-bearing magnetite-perovskite
rock carbonatite occur locally

Area in which thorium-bearing granite
occurs locally

1 2 3 j‘. MILES

%
T.
48
N. C%
§ Q.
3 Yo 5
%,
o]
o
el \S
2

[ [
1 2 3 4 5 6 KILOMETERS

30"

107°00'

%,
6’5 o Spenter

I 7 l

1 1 6 |

OUNTY

e} e

gs
4
214
2] —
. = 8
2i<
10'0)
[
©
k
38| |
15"
T.
46 [
N.
7 36 31 36 31
|
R.3 W. R.2 W. R. 1% W. R.1W.

FIGURE 22.—Map showing areas of principal thorium resources estimated in veins, magnetite-perovskite rock, carbonatite, and thorium-

bearing gramite.



THORIUM AND ASSOCIATED ELEMENTS, POWDERHORN DISTRICT, GUNNISON COUNTY, COLORADO 29

of the carbonatite are higher or lower than the average
grade. For example, Temple and Grogan (1965, p. 673)
estimated a reserve of more than 100,000 tons of Nb,O,
in rock averaging at least 0.25 percent Nb,O,; some
parts of this tonnage, large enough for open-pit min-
ing, were 0.35 percent Nb,O;. Similarly, higher ThO,
concentrations of 60 to 100 ppm probably occur locally
in parts of the carbonatite body large enough to be
quarried.

The ThO, content of the magnetite-ilmenite-
perovskite rock has been approximated from only a few
available analyses, which are summarized in table 6.

These data suggest a ThO, content in the magnetite-
ilmenite-perovskite rock of perhaps 200-500 ppm; the
radiochemical analyses, compared with TiO, in the
same samples, suggest an approximate TiO,/ThO,
ratio of about 380. The grade of TiO, in this rock is
discussed in the section on ““Titanium.” From these ap-
proximate figures, 100 million tons of such rock, if
mined and processed for titanium at 12 percent TiO,
grade, might be expected to contain on the order of
25,000-50,000 tons ThO,; the actual tonnage available
may be several times this amount.

ASSOCIATED ELEMENTS

The economic potential of thorium in the Powder-
horn district is related in part to other elements and
potential mineral commodities that have been pros-
pected in the area. The complex of Iron Hill contains a
minor-element assemblage characteristic of many
alkalic rocks, including iron, titanium, phosphorus,
strontium, barium, niobium, thorium, rare earths, and
vanadium. Potential economic products include
niobium, titanium, iron, and rare-earth elements.

TABLE 6.—ThO, content of magnetite-ilmenite-perovskite rock, com-
plex of Iron Hill

[>, greater than; leaders (—), not analyzed for]

Content in percent
ThO2 or eTh0, Ti0; Nb

Material Rare earths

Magnetite-ilmenite-perovskite
rock NJX-1, spectrographic
aNalYSiSerenesraccrccracecncasnons 0.025 >10 0.07 0.772
Two radiochemical analyses
of perovskite.eceeeceecenraananess .12-.15 51 .34 ---
Magnetite-ilmenite-perovskite
FOCKesoseosoooooassocoasossncnces

Magnetite-ilmenite-perovskite rock
Temple and Grogan, 1965, p. 688). .05 [ .

Magnetite-ilmenite-perovskite
rock {0.05-0.25 mr/hr field
readings, approximate)...ceeeen.. .0076-.0680 [ -

TABLE 7.—~ThO,and/Nb,O, ratios in veins in the
Powderhorn district

No. of
Quadrangle analyses ThOz:NbZO5
Rudolph Hilleeeeuenns 6 2.55
Powderhorn..ceeeeecaes 16 5.50
GatevieWeesseoooeannn 18 15.81
Carpenter Ridge...... 6 19.70
Total and average.. 46 6.79

NIOBIUM

Niobium occurs in pyrochlore disseminated
throughout much of the dolomitic carbonatite stock.
Drilling by the DuPont Co. in 1957 and 1958 indicated
a reserve of more than 100,000 tons of Nb,O; in car-
bonatite averaging at least 0.25 percent Nb,O;, a
substantial amount of which averaged 0.35 percent.
This reserve estimate was subsequently increased by
underground work and additional drilling (Temple and
Grogan, 1965, p. 673).

The pyrochlore is most abundant in the finer tex-
tured dolomitic carbonatite and also associated with
fluorapatite along shear planes in the carbonatite.
Small amounts of niobium also occur in several other
minerals in the complex of Iron Hill. Semiquantitative
spectrographic analyses of three perovskite concen-
trates from the magnetite-ilmenite-perovskite rock
show niobium values of 0.17, 0.2, and 0.7 percent.
Niobium is also present in trace amounts in the il-
menite, sphene, magnetite, and melanite.

The thorite veins commonly contain anomalous
amounts of niobium; some of it is in columbite, which
has been identified in a black siliceous vein in the Road
Beaver Creek area (Temple and Grogan, 1965, p. 684).
Rough calculations from semiquantitative spectro-
graphic analyses of 46 thorite vein samples show
niobium in amounts generally from 30 to 1,500 ppm,
averaging 172 ppm (246 ppm Nb,O,). This amount may
be compared to an average of 1,669 ppm for ThQ, in
the same samnples, a ThO,-Nb,O; ratio of 6.79. The
ThO,-Nb,O, ratio varies in veins in different parts of
the districts, however, as shown in table 7. The ThO,-
Nb,O; ratio in the thorite veins thus increases, from
southeast to northwest, with increasing distance from
the complex of Iron Hill. Within the carbonatite body
of the complex of Iron Hill, the Nb,O; content greatly
exceeds ThO,.

TITANIUM

Titanium-bearing minerals are abundant in the
pyroxenite of the complex of Iron Hill. These include
perovskite, ilmenite, leucoxene, sphene, melanite
garnet, and titaniferous magnetite; minor amounts are
present in diopside (0.1-0.7 percent) and biotite. The
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magnetite, ilmenite, and perovskite are commonly in-
tergrown in a titanium-rich rock that forms segrega-
tions and dikes, and they also are disseminated as
discrete grains in the pyroxenite. The perovskite is
partly replaced by leucoxene, but the other titanium-
bearing minerals show this alteration less commonly.
Sphene and melanite are commonly intergrown with
the silicates of the pyroxenite and occur less commonly
as granular aggregates. The TiO, content of perovskite
concentrates is about 51 percent, of the magnetite-
ilmenite composite grains about 6 to 19 percent, and of
melanite concentrates about 5 percent. Some titanium
is in solid solution in the magnetite, and the TiO,
content of two samples of magnetite is 3.90 and 15.0
percent.

Modal analyses of 102 thin sections of pyroxenite in-
dicate an average weight percentage of the following
minerals in the pyroxenite: magnetite-ilmenite, 18.4;
perovskite, 2.4; leucoxene, 1.1; melanite, 3.3; sphene,
0.5 percent.

According to Larsen (1942, p. 57), the TiO, content
averages 7.4 percent in the pyroxenite and is more
than 35 percent in some of the magnetite-ilmenite-
perovskite bodies. Partial chemical analyses of pyrox-
enite drill-core samples have been published by Rose
and Shannon (1960). Their data from 441 analyses, de-
rived from three drill cores totaling 569.5 m of mostly
pyroxenite, indicate that within the pyroxenite the
TiO, content ranges from 0.3 to 11.9 percent and the
total iron content from 7.0 to 22.5 percent. Rose and
Shannon (1960, p. 19) estimated from surface- and core-
sample data that the average grade of the pyroxenite is
11.7 percent iron and 6.5 percent titanium, and that
the deposit may contain more than 100 million tons.
The same figures are given by Berkenkotter and Hazen
(1963), who made statistical studies of the drill-core
sample data supplied by Rose and Shannon. As the
titanium content is highest in the magnetite-ilmenite-
perovskite dikes and segregations, the parts of the
pyroxenite containing large amounts of such rocks ex-
ceed the average titanium content and offer the most
promise for titanium exploration.

The pyroxenite has been explored for titanium
during the mid 1970’s by Buttes Gas and Oil Co. A
newspaper account (Denver Post, February 25, 1976,
p. 31) reported company officials as saying that
studies had indicated 419 million tons of reserves of
rock averaging about 12 percent TiO.,.

IRON

Iron deposits were discovered in the Powderhorn
district before 1880. The iron content of the material
mined has not been sufficient to attract mining for iron

alone, and the total production has been less than
4,000 tons (Harrer and Tesch, 1959, p. 33). The iron
occurs chiefly as magnetite-ilmenite-perovskite con-
centrations in pyroxenite. Thirteen samples of the
titaniferous magnetite rock range from 8.6 to 30.8 per-
cent iron and 3.8 to 32.7 percent TiO, (Harrer and
Tesch, 1959, p. 34). An average of 11.7 percent iron for
more than 100 million tons of magnetite-bearing py-
roxenite was given by Rose and Shannon (1960, p. 19).
Small iron deposits in the carbonatite of Iron Hill have
also been prospected; these consist of small martite-
apatite veins and small bodies of cellular and siliceous
limonite and hematite.

VANADIUM

Vanadium is present in the iron- and titanium-
bearing minerals of the complex. Magnetite in one
sample of uncompahgrite contains 0.21 percent V0,
and a magnetite sample from a magnetite-ilmenite-
perovskite dike contains 0.14 percent V,Os. Other
mineral samples with the greatest concentration are
melanite garnet, which contains 0.2 percent V,Oj;
perovskite 0.06 percent V,0;; and diopside, 0.05-0.07
percent V,O;.

Vanadium is commonly reported in spectrographic
analyses of thorite veins. Vanadinite was identified in
a sample from the Sand Rock No. 5 Lode 1 km north-
west of the old Dubois mine by M. H. Staatz. In 45
semiquantitative spectrographic analyses (Hedlund
and Olson, 1980) of vein samples, vanadium ranges
from 0 to 1.5 percent, averaging 0.069 percent. This is
a higher concentration than is found in most of the
alkalic igneous rocks in the district. Probably the
highest concentration is in the titaniferous magnetite-
ilmenite-perovskite rocks, containing on the order of
0.1 percent V,0;. Fischer (1975, p. 5) has estimated
that about 50,000 tons of vanadium may occur in 100
million tons of magnetite-ilmenite-perovskite rock in
the complex of Iron Hill.

RARE-EARTH ELEMENTS

All the various types of thorium deposits in the
district contain an appreciable amount of rare-earth
elements, generally considerably in excess of the tho-
rium. In the thorite veins the ratio of total rare-earth
oxides to ThO, averages about 2.4. The rare earths
occur at least partly in such minerals as monazite, tho-
rite, rhabdophane, synchysite, and bastnaesite. Rough
calculations based on semiquantitative spectrographic
analyses, mostly of veins but including other rock
types as well, indicate that in the entire district the
ratio of light (cerium-group) rare-earth oxides to tho-
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TABLE 8.—Ratio of cerium-group rare-earth oxides to ThO, to
yttrium-group rare-earth oxides in various thorium deposits

Cerium-group rare-

earth oxides:ThOZ:

yttrium-group rare
earth oxides

Area

1. Thorite veins in Gateview and Carpenter

Ridge quadranglesS.eeieeeeeeeeernrriourecconns 1.8:1:0.4
2. Thgrite veins in Powderhorn quadrangle exclud-

ing vicinity of complex of Iron Hill......... 0.6:1:0.78
3. Thorite veins near south and west sides

of complex of Iron Hillieeeeiiiievvnnnannanan 4.6:1:0.45
4. Carbonatite, magnetite-perovskite rock,

granite, and thorite veins of no. 3,

in or near complex of Iron Hill..eiiiiivsnnns 6.0:1:0.31

rium oxide to heavy (yttrium-group) rare-earth oxides
is about 3.6 to 1 to 0.5. Restricting the ratios to thorite
veins containing more than 100 ppm ThQ, only, these
ratios are about 1.75 to 1 to 0.65. Like the niobium-
thorium oxide ratios, the proportions of these three
groups of constituents vary considerably in different
parts of the district (fig. 23). These variations are sum-
marized in table 8. Individual deposits differ greatly in
rare-earth-thorium ratios from nearby deposits, sug-

gesting that fractionation of rare-earth metals and
thorium—and probably niobium as well—has taken
place on a local as well as a district-wide scale. The
variation in proportions of rare-earth metals, thorium,
and niobium may be due partly to fractionation
associated with changes in the composition of the
fluids with distance from the source. In part the varia-
tions correlate very roughly with carbonate mineral
content, for the deposits richer in carbonate minerals,
as near the complex of Iron Hill, generally have a
higher proportion of cerium in relation to the other
elements.

The relation of cerium- and yttrium-group metals to
ThO, content in 59 samples of thorium deposits is il-
lustrated in figures 24 and 25.

URANIUM

The ratio of thorium to uranium was determined for
74 samples of thorite veins. Uranium content is gener-
ally quite low and exceeds 10 ppm in only three of the
samples, in which it consists of 11.78, 20, and 41 ppm.
Of the 74 samples, the thorium-uranium ratio ranged
from 1 to 10 in six, 10 to 30 in eight, 30 to 70 in 20, 70
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FIGURE 24.—Graph showing relation of total cerium-group rare-earth metals to ThOz content in 59 samples of thorium deposits.
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FiGURE 25.—Relation of total yttrium-group rare-earth metals to ThQ, content in 59 samples of thorium deposits.
Rare-earth values approximated from semiquantitative spectrographic analyses.

to 1301in 10, 130 to 1,000 or more in 14, and in 16 of the
samples the thorium-uranium ratio is probably high
but the uranium content is very low or not determined.
The ratio of thorium to uranium is also generally high
in rocks other than the thorite veins, such as car-
bonatite dikes and thorium-bearing granite. In 23
samples of carbonatite or alkalic rocks, uranium ex-
ceeds 10 ppm in only one, a carbonatite dike sample in
which it is 93.4 ppm, exceeding thorium. Significant
uranium resources therefore seem unlikely to be associ-
ated with the thorium deposits and alkalic igneous
rocks in the district.
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